Abstract-
INTRODUCTION
The research conducted in the field of voltage source converter (VSC) based multi-terminal dc (MTDC) grids, including modeling and simulation [1] - [3] , short-circuit calculation [4] , protection [5] - [6] , and control [7] - [9] , has experienced an outstanding evolution over the past few years. Such a special attention to MTDC grids is mainly due to two facts: appropriateness of the MTDC grids for the integration of offshore wind farms and possibility of interconnecting several ac networks with even non-identical frequencies. At the present time, there are several ongoing projects worldwide for transmission of bulk offshore wind generations to the ac networks via the MTDC grids [10] - [15] . Several control methods of grid-connected voltage source converters (VSCs) have been proposed. Among them, power-angle control and vector-current control are the two that have been mostly investigated [16] . As mentioned in [16] , a severe disadvantage of the former strategy is that the control system does not have the capability to limit the current flowing through the converter due to the absence of current controller or anti wind-up measures. In high-power applications such as MTDC grids, it is highly important to limit the currents to prevent the converter from being blocked (tripped) at disturbances. The second approach that is very popular is vector-current control [17] , [18] , [19] that is a current-control-based technology. Thus, it limits the current flowing through the converter during disturbances. However, the potentials of the VSC are not fully utilized with a traditional vectorcurrent control strategy that is commonly aided by a phaselocked loop (PLL) [3] , [4] . As discussed in [5] , the strength of the ac system relative to the power rating of the HVDC link is described by the short-circuit ratio (SCR). Thus, if the calculated SCR is low, the ac system is considered weak. If the ac system that connects to a MTDC system has a low SCR, the performance of PLL-based vector-current control will be undermined [16] . In contrast, an alternative strategy called PSC is less vulnerable to low SCR. Nevertheless, thus far this control strategy has only been applied in HVDC link [16] . In this paper, power-synchronization control is implemented in MTDC grid. Then, the concept of generalized voltage droop (GVD) control that is proposed in [20] , is realized based on PSC to utilize advantages of GVD for having more flexibility in changing of converter stations operation modes. And the controller for power synchronization loop is accordingly designed. GVD This work was partially supported by Spanish Science Ministry under the project ENE2013-48428-C2-2-R. Any opinions, findings and conclusions or recommendations expressed in this material are those of the authors and do not necessarily reflect those of the host institutions or funders. Fig.1 . General architecture of the PSC-based control strategy for a VSC-HVDC station. is implemented at the primary level of a two-layer hierarchical control structure of MTDC grid, and Performs as an alternative to the conventional voltage droop characteristics of voltage-regulating VSC stations that is controlled based on PSC, providing a higher flexibility and thus controllability to automation of MTDC grids. GVD control strategy can operate in three different operation modes, respectively the conventional voltage droop control, fixed active power control and fixed dc voltage control by setting the GVD characteristics of the VSCs.
The rest of the paper is organized as follows. Implementation of the PSC-based converter control strategy is presented and discussed in Section II. The development of the control scheme employing GVD is introduced in Section III and the control mechanism for each operation mode is illustrated. Conclusions are drawn in Section IV.
II. CONTROL OF MULTI-TERMINAL DC GRIDS
MTDC grids are characterized by the interconnection of several VSC-HVDC stations that are connected together by transmission lines. The main components of the VSC-HVDC terminals include ac circuit breaker, ac transformer, ac filter, phase reactor, voltage source converter and dc capacitor.
For the effective control of the MTDC grid, a two-layer hierarchical control structure, illustrated in Fig. 1 , is developed in this paper. In this structure, at the upper level (secondary control), the parameters of the voltage droop controllers of the VSCs are determined, according to the grid conditions and requirements of demand and generation at the ac sides, and sent to the primary control level.
On the other hand, primary control of MTDC grids includes dc voltage regulation at the dc terminals, control of active and reactive power at the point of common coupling (PCC) and maintaining the PCC's ac voltage at the specified set point. As stated before, the most commonly used control strategy for VSC-HVDC stations is based on the vector current control [18] . In this strategy the ac currents and voltages of the converter stations (at the PCC) are transformed into the rotating direct-quadrature (dq) reference frame, synchronized with ac grid voltage by means of a phase-locked loop (PLL).
Grid data
Generation & Demand Even though PLL has been largely used for synchronizing VSC with the grid, several investigations have shown that the PLL dynamics might have a negative impact on the performance of VSC-HVDC in case of weak ac system connections [16] . Oriented to this issue, a series of studies have been carried out employing mechanisms that synchronize the load angle instead of voltage phase, among which PSC arises as a promising strategy as shown in [16] . The general PSC-based control architecture of a VSC-HVDC station is illustrated in Fig. 2 . The outer controllers in Fig. 2 are responsible for generating the reference currents for the inner current controller which determines the voltage reference of the converter in the dq frame.
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A. Inner Current Controller
The inner current controller (ICC), includes a fast PI controllers which tracks the reference currents, set by the outer controllers, and produces the voltage reference for the converter station. To derive the structure of the ICC, the voltage at PCC ( s e ) and ac converter-side voltage ( c v ) of Fig. 2 are related by,
where, c i is the current flowing from the ac grid to the converter and T R and T L represent the equivalent resistance and inductance installed between the PCC and the converter. Then by applying the dq transformation, (1) can be expressed in dq reference frame by, 
B. PSC-based Outer Controllers
The outer controllers include current reference controller, PSC, dc voltage controller, ac voltage controller and reactive power controller, as shown in Fig. 2 .
The current reference controller is responsible for generating the reference signals for the inner current control loops based on the voltage magnitude V o and the measurement of converter output voltage and current. The calculation of the inner current loop reference is expressed as (5) . 
where, c is the desired closed-loop bandwidth of the current control, and H HP (s) is a high pass filter structure [16] .
The grid synchronization is achieved through PSC by regulating the phase of the output voltage reference, thus regulating the voltage angle difference between the VSC and the ac grid. The controller structure of PSC can vary for different design requirements, and as a simple form, the integral controller with a damping term as (6) is proposed for fast grid synchronization.
Considering mainly inductive impedance at the filter and the transmission line and small signal of the load angle, the active power going through the VSC can be expressed as (7) .
In (7), V o and V are respectively the RMS value of the line-to-line converter output voltage and grid voltage, and X the converter output reactance seen from PCC.
Combining (6) and (7), the closed-loop active power regulating transfer function is shown in (8).
According to (8) , the settling time of the power synchronization loop t ss is explicitly linked to the control parameter K I , and the relation is shown in (9) considering 1% as steady state band. 5 ss t (9) In this way, the active power can be controlled by switching K1 up as shown in Fig. 2 . And optionally, the dc link voltage can be directly controlled by switching K1 down with the aid of an additional controller, which can be designed as (10), for instance.
Likewise, by selecting the state for the switch K2, either the reactive power or ac voltage is able to be controlled. The ac voltage controller and reactive power controller are respectively designed as shown in (11) and (12) .
C. Voltage Droop Control
The voltage level at different terminals of an MTDC grid directly influences the flow of dc power between the terminals of the MTDC grid. It is worth noting that unlike ac transmission systems were fixed and identical voltage amplitudes (normally around 1 p.u) are preferred throughout the network, the MTDC grids cannot have the same voltage level over the entire grid, as the power flow between the dc terminals rely on this variable.
The voltage droop control allows regulating the dc voltage within the grid by adjusting the converters currents in such a way that the power balance is guaranteed throughout the grid [19] . In this method a proportional controller is employed, following thus a characteristic, describing a unique relation between the dc voltage and the converter transmitted current/power [20] . The idea behind the voltage-droop control has been inspired by the powerfrequency droop control in ac networks, where increase/decrease in demand level leads to frequency drop/rise. Similarly, in an MTDC grid a rise in the dc voltage implies a power surplus in the system, and the dc voltage regulating stations should start to operate in order to reestablish power balance, while dc voltage drop indicates lack of power in the system and the dc voltage regulating stations should start to increase rectification. This is the basics of the voltage droop control for MTDC grids.
A typical voltage droop characteristic shown in Fig. 3 illustrates the idea clearly. Besides, the implementation of voltage droop characteristics in PSC-based outer controllers is illustrated in Fig. 4 . Despite of the aforementioned advantages, the voltage droop control shown in Fig. 4 has some drawbacks.
It is not able to perform full power flow control, as the droop control cannot fix the active power at a constant level.
It cannot fix the voltage of the dc terminals, if required. Hence, modifications can be introduced into the voltage droop control to overcome these shortcomings.
III. GENERALIZED VOLTAGE DROOP CONTROL
The GVD control is proposed as a generalized design integrating droop control, dc voltage control and PSC. It is able to perform fixed power control, fixed dc voltage control or share power among voltage-regulating converters based on the slopes of voltage droop characteristics, hence shows more flexibility than the conventional voltage droop scheme that is only capable of power-voltage droop control.
It involves three operating modes as shown in Fig. 5 , where each mode can be activated by adjusting the coefficient of the generalized voltage droop characteristic, thus offers the possibility of smooth switching among each mode. In this way, the role of a specific VSC is not necessarily fixed during the operation and can smoothly change along with the needs of the system, and the reliability of the system is enhanced as well as the flexibility in secondary control. 
A. Operating Modes of the GVD Control
The operating modes of the GVD control are explained as follows. 
In (14) there are three unknown parameters ( , and ). Hence, two more equations must be added to solve for , and . In this paper, the slope of GVD characteristics, m , are assumed constant and pre-defined.
Without any loss of generality, by assuming 1 , one can compute, m (16) Based on (14) and (16), the can be determined as, 
And by setting 0 ref P P , can be determined as:
According to (20) , by adjusting the coefficients and also setting to zero, the required reference power is obtained. This mode of operation is useful when it is required to fix the dc voltage of the station at a particular level. Then the task of the dc voltage control and the active power balance within the MTDC grid is assigned to the converter station operating in this mode of the GVD control (like the slack bus in ac grid). However, this mode cannot be activated by directly setting 0 . In this paper a novel strategy is proposed to eliminate the undesirable effect while the switch K1 in Fig. 2 is acting. In this strategy, for constant dc voltage control, the GVD is still operating in the conventional voltage droop mode (i.e. mode 1), but an extremely small value is assigned to coefficient , which indicates the slope of the GVD characteristics. Hence, the GVD characteristic is almost aligned to the horizontal axis, resembling the fixed voltage control mode. Therefore, under this circumstance the following reference power signal is generated by the GVD characteristic,
where, 0 , and according to (17) can be written as: 
,0
where C is the dc link capacitance.
It must be noted that the large value of the gain 1 in the error signal of (24) may lead to the instability of the control system. To avoid such adverse effect, a gain scheduling block, as illustrated in Fig. 7 ., decrease the gain of PSC smoothly, as tends to zero. Therefore, it can be remarked that the proposed GVD strategy has much more flexibility than the conventional voltage droop scheme which is only capable of powersharing based on the droop characteristics of the VSCs.
B. Smooth Change in GVD Operation Modes
In order to allow a smooth change of the GVD characteristic from one mode to another, a smoothing function is employed. In fact, when the GVD is going to change its operating mode, this is carried out by changing its coefficients, , and , are varied from the old values to the new values, smoothly during the smoothing period of smoothing T . This strategy, illustrated in Fig. 7 , improves the transient response of the control system during mode change in the GVD characteristics, compared to the abrupt change in the GVD coefficients.
Moreover, such a smooth change policy is applied to the coefficients of the PSC by gain scheduling of K I as showed in Fig. 7 , during transition to the fixed dc voltage control mode.
IV. CONCLUSION
This paper proposed the application of GVD strategy for PSC-controlled VSC stations in MTDC power grid. The performance of the PSC enhanced by GVD is analyzed and demonstrated to be promising to tackle the shortcoming of PLL-based vector current control in case of weak ac grids, and to improve the flexibility in MTDC grid control.
